Abstract-This paper reports on results obtained from monitoring the respiration and cardiac activity of a patient during a magnetic resonance imaging (MRI) survey using an optical strain sensor based on a fiber Bragg grating. The sensor is proposed specifically to acquire ballistocardiographic signals from a patient exposed to high intensity electromagnetic radiation. A BlandAltman analysis shows the measurements that have a satisfactory accuracy for monitoring purposes, and the relative error is < 8%. The method is both noninvasive and safe for the patient. In addition, the sensor does not affect the MRI imaging quality.
I. INTRODUCTION
T HE consolidated position of fiber Bragg gratings (FBGs) in sensing applications is mainly due to their spectral encoding, excellent multiplexing, and self-referencing capabilities [1] , [2] . FBGs also offer the standard benefits of fiber-optic technology such as electromagnetic (EM) immunity, intrinsically safe modes of operation, a chemically inert nature, small sizes, and a light weight [3] , [4] . These features predispose FBGs for use in adverse environments such as those involving strong EM interference, humidity, or corrosive fluids. FBGs are well known as optical strain gauges for monitoring the structural condition of bridges, dams, tunnels, and chimneys, as well as aircraft wings and yacht masts [5] , [6] .
Sensor systems involving FBGs usually operate by directing light from a spectral broadband source into the fiber, with the result that the grating reflects a narrow spectral component (peak) located at the Bragg wavelength λ B in reflection mode. In transmission mode, this component is missing from the observed spectrum (it appears as a dip). Appling tensile strain to the fiber moves the position of the peak (or dip) to higher wavelengths, while compressive strain causes a shift toward lower wavelengths in accordance with [7] λ where λ B is the strain-induced Bragg wavelength shift, p e is the effective photoelastic constant, and ε is the longitudinal strain change. In most sensing applications, λ B is determined on the basis of the peak position, as the reflected signal shape can more easily be demodulated by a fiber Fabry-Pérot tunable filter-based system [8] or similar interrogation technique [9] , [10] . FBGs offer a single-ended connection to such interrogators.
In this paper, the strain measurement capabilities and EM immunity demonstrated by FBGs are adapted to monitor the respiration and cardiac activity of a patient undergoing a magnetic resonance imaging (MRI) examination. The sensor was developed in response to demands from clinicians who wish to undertake studies on hyperventilation aspects during MRI. The hyperventilation phenomenon has numerous theoretical and empirical links to anxiety, panic, fear, and claustrophobic episodes often occurring in the MRI chamber [11] - [13] . Moreover, the latest literature reveals an increased cardiac rhythm in a group of people suffering from panic, anxiety disorders, and hyperventilation symptoms [14] . Therefore, real time monitoring of certain life functions in the patient, such as respiration rate (RR) and heart rate (HR), can be helpful in controlling the arousal and anxiety level associated with the MRI examination itself and predicting the probability of hyperventilation or panic attacks. The proposed sensor has the potential to play a significant role in studies on these issues as it overcomes the drawbacks of typical MRI patient monitors and does not require any special process to prepare the patient for monitoring.
II. METHOD
In contrast to a previously demonstrated sensor [15] , the current version has been simplified and is free of metal parts, thus ensuring its suitability for the MRI environment. The sensor consists of a spring-board that converts body movements including lung-and heart-induced motions into strain, and the FBG bonded to the board measures this strain. The instantaneous spectral position of the FBG reflection peak can be calibrated in terms of the respiration and heart activity readings. Thus, the sensor also acquires ballistocardiographic (BCG) signals, and to operate effectively, the board has to be placed between the back of the patient (as close to the heart as possible) and the bed mattress.
A polymethyl methacrylate (PMMA/Plexiglas) board, 220 × 95 × 1.5 mm in size, is used as the sensor base.
1530-437X © 2013 IEEE An FBG, with a λ B of 1541 nm at 20°C, is attached with an epoxy adhesive to the central part of the board, as shown in Fig. 1 . The FBG is spliced one-sidedly with a pigtail ending and attached to a fiber-optic for angled physical contact (FC/APC)-type connector capable of connection to an interrogation system. The splice protector is equipped with a ceramic reinforcing rod, rather than a steel rod. The excess fiber between the FBG and splice protector is looped and taped to the board.
The sensor size results from the need for obtaining a balance between sensor performance and patient comfort. Laboratory trials showed that larger size of the Plexiglas board ensures better transfer of the body vibrations, and thus decoding of them in the form of greater elongations/contractions of the sensing element, i.e., FBG. However, a significant size requires thicker board to prevent it from cracking caused by pressure exerted by larger surface of the body. This worsens the patient comfort. On the other hand, the smaller and thinner board allows use of the sensor located on the narrow and appropriately shaped track table of an MRI scanner, and provides sufficient comfort to the patient.
A schematic of the experimental setup is shown in Fig. 2 . The sensor is placed in the MRI chamber underneath the chest area of the patient to ensure proximity to the heart and lungs. The 10-m optical cable of the sensor lead is threaded through a wall opening and connected to the FBG interrogation system in the operation room. A commercially available sm130-700 unit (Micron Optics) [16] is used to interrogate the sensor. The interrogator allows for scanning of a 1510-1590 nm band with a frequency of 1 kHz and a resolution of 1 pm pk−pk , which in turn, according to Eq. (1), ensures measurement of strain values as low as 0.8 με pk−pk . The data from the interrogator is sent via an Ethernet interface to a laptop PC with software developed for signal visualization, data archiving as well as automatic determination of RR and HR.
To acquire the reference respiration curve and electrocardiography (ECG) signal, we employ MRI-compatible portable modules that are part of the Precess 3160 patient monitor (Invivo) [17] and obtain the signals from the patient using pneumatic bellows and carbon electrodes, respectively. The data are transmitted wirelessly from the recorders to the PC via a 2.4 GHz radio link.
Before the main experimental phase began, the frequency response of the system was estimated [18] , and all the signals within the BCG frequency range, i.e., 1-20 Hz [19] , were sensed without any detriment to the physiological information.
The clinical study involved three normal MRI patients (one female and two males; age: 31.33 ± 5.03 (mean ± standard deviation) years, weight: 78.67 ± 20.98 kg, and height: 174.67 ± 10.41 cm) who underwent routine thoracic spine examinations in the Achieva 1.5 T MRI scanner (Philips) [20] . All patients provided informed consent, and the study design was approved by the appropriate ethics review board. The patients were chosen so that different HR levels were sensed to ensure diversity in the results.
III. RESULTS AND DISCUSSION
The investigation differed from previously presented pilot studies [18] in that the patients' physiological data were collected during complete MRI examinations rather than 5-min exposures. The total acquisition time (all patients) was 95 min 25 s. Moreover, the present study was aimed to determine the sensor's capability for long-period recordings under pressure from the patient's body and to check whether the sensor affects patient comfort during whole examination. Fig. 3 shows an enlarged 24-s portion of a recording made with patient #2. The upper trace is the respiration curve recorded with the reference module, and the lower trace is the corresponding component of the source signal originating from the sensor (shown in grey). Additionally, the original signal is denoised by averaging over 250 samples (black) to emphasize the physiological information. The sensor signal consists of two distinct components: a slowly varying "wave" that reflects the activity of the lungs and cyclic disturbances on the respiration wave representing the activity of the heart (BCG component). To extract the BCG signal and enable HR determination, the original signal is processed through band-pass filtering within the frequency range of 2-60 Hz, which allows for obtaining signal free from the respiration curve. The filtration procedure does not cause a loss of physiological information. The filtered signal is shown in Fig. 4 (bottom, grey) in the context of the cardiac cycle (top). In addition to bandpass filtering, the signal is denoised by averaging over 25 samples (bottom, black). Two 3-s recorded sections from patient #1 and #3 that represent slow (left) and fast (right) heart rhythms, respectively, are illustrated for comparison. Different signal amplitudes result from the sensor arrangement under the patient's backs and their individual anatomical features.
According to the literature [21] , [22] , the general BCG waveform is divided into three phases (see Fig. 4 ): 1) pre-ejection (FGH), 2) ejection (IJK), 3) diastolic portion of the heart cycle (LMN).
Pre-ejection phase consists of venous return to the heart, atrial filling, and contraction (H -the head-ward deflection) [22] . The foot-ward deflection, I, reflects the rapid acceleration of blood in the ascending aorta and pulmonary arteries around the aortic arch and into the carotid arteries. The IJK complex is related to ventricular ejection and aortic flow, in which the J-wave describes the acceleration of the blood in the descending and abdominal aorta and deceleration of blood in the ascending aorta. The peak of the J-wave corresponds to the end of rapid ejection of both ventricles, and it can be assumed approximately that this peak occurs at the maximum value of the ECG T-wave, as shown in Fig. 4 . I-J amplitude reflects the force of contraction of the left ventricle and I-J period reflects contractility. The K and L waves reflect the deceleration and cessation of blood flow and the closing of the aortic valve. Diastolic waves (KL and MN) reflect the state of peripheral circulation. Fig. 4 shows that the proposed method can hardly compete with conventional methods for BCG sensing. The signal recorded by the proposed device is noisy and requires intense post processing (denoising/averaging) to identify any BCG wave. This fact contrasts to more clear BCG recordings obtained with e.g., electronic strain-gauge-, accelerator-or elecromechanical film-based BCG devices [21] , [22] which do not require signal post processing even spectral analysis. However, the method becomes advantageous in high EM field situations, e.g. MRI examinations. High values of the EM field generated during the examination did not affect the optical signal propagated in the fiber and did not disturb the sensor operation. The signal is identical to that obtained without exposure to the EM field.
The local maxima in the signals during subsequent inhalations and heartbeats are indicated by arrows in Fig. 3 and Fig. 4 , and are proposed as distinctive points for determining the respiration rate RR and HR, respectively. In this way, n local maxima are extracted from the original sensor signal. The RR value at time t n (the time of the nth maximum) is defined as R R n = 60 t n − t n−1 .
In a similar manner, the HR trace is determined using the BCG signal. The RR (top, black) and HR (bottom, black) traces are shown in Fig. 5 with the corresponding reference traces (grey). The RR is expressed in respirations per minute (rpm) and the HR in beats per minute (bpm). The sensor and reference traces have similar shapes, but the differences can be visualized by the Bland-Altman plot in Fig. 6 [23] . The differences between the sensor and the reference traces, x 1 − x 2 , are plotted against the average, (x 1 + x 2 )/2. The reproducibility is considered to be good if 95% of the results lie within a ±1.96 SD range, and a narrower limit of agreement (LoA) range indicates a better reproducibility. As illustrated in Fig. 6 , for the entire data set, 95.38% and 94.88% of the values lie within the LoA range for the RR (0.85 rpm) and HR (3.29 bpm) determination, respectively. The sample distributions show the clear dependence of the RR and HR values, which can be explained by the fact that the error in determining the RR (or HR) increases with the value of the RR (or HR) itself, according to Eq. (2).
The RR and HR determination capabilities are also estimated in Fig. 7 by calculating the difference between the reference and measured values with respect to the average value. The maximum relative errors are 7.67% and 6.61% for the RR and HR determination, respectively. The key experimental results are summarized in Table I .
The proposed sensor is sensitive not only to lung-and heart-induced motions but naturally also to any other body movements, caused by, e.g., changes to the body position, coughs or displacements of the patient's bed during the imaging process. Fig. 8 shows the BCG signal acquired from the three patients during their MRI examinations. There are clearly visible spikes in the signal, which reflect subsequent motion artifacts occurring when the patients were scanned. Although the spike amplitudes reach values eight times greater than the amplitude of the undisturbed BCG signal, the artifacts are of short duration and did not become problematic when detected the distinctive points. Only 56.1 s of the total recording time, i.e. below 1% of the recorded signal, is contaminated by motion artifacts as the patients undergoing MRI are asked to remain still for the whole duration of the survey. Hence, the sensor can be successfully used to monitor RR and HR in patients during their MRI scans or other examinations in which they have to lie still for a long time.
Several types of fiber-optic sensors have been presented in the literature [24] - [30] as MRI-compatible constructions, however only a few of them were tested in real MRI conditions. Most of the MRI-verified devices used to be embedded into T-shirts, wearable belts or other special textiles in order to ensure proximity to the patient's body. There are known solutions based on FBGs, optical time-domain reflectometry (OTDR) technique as well as macrobending effects [25] - [28] . Those researchers verified the influence of the sensors over the quality of imaging, and demonstrated that the three methods could sense textile elongations in the range of 0-3%. In this paper we show that respiratory movements produce changes of the signal amplitude reaching average value of 30 pm pk−pk (Fig. 3) , which in turn (1) gives 25 με pk−pk .
Another FBG-based sensor [29] was not tested in the MRI field, however laboratory evaluation showed that embedding sensing elements into chest clothing is an effective mean to improve the sensor's reliability and accuracy. Those authors obtained 2-3 times greater signal amplitudes when compared with our outcomes. Much more convenient and desirable way of achieving this effect is multiplication of sensing elements in the patient's back [30] . This issue will be the next step of our works. As far as the sensor based on a single measuring element requires a specific arrangement under the patient (in close proximity to the heart) in order to obtain the BCG signal of sufficient quality, the multi-FBG approach will facilitate the signal acquisition from the patient's back and will not require any additional actions to obtain the optimal arrangement under the monitored person. 
IV. CONCLUSION
Among the number of fiber-optic solutions for vital-sign monitoring designed to work in the MRI environment the proposed sensor is distinguished by the simultaneous gathering of respiratory and cardiac signals, as well as a lack of special requirements, such as particular textiles for embedding the sensor, to prepare the patient for monitoring. It is expected that the use of special textiles will be disappearing in favor of sensing elements built into the patient's bed.
The presence of the sensor during the MRI examination does not pose a threat to the patient. None of the patients participating in the study complained of any discomfort associated with the presence of the sensor in her/his back, when asked about it after the examination. The sensor is transparent to the MRI system and does not introduce any artifacts into the spin-echo (SE) T1-weighted and T2-weighted or to the gradient-echo (GE) T2-weighted imaging sequences (Fig. 9) . The relative error level, which is below 8%, is acceptable for clinicians as the sensor is designed for monitoring rather than diagnosis. The clinicians from the Military Institute of Aviation Medicine, Warsaw, Poland, intended to implement the sensor shortly for studies on hyperventilation aspects during MRI.
